Background--The mechanisms of atrial fibrillation (AF) are highly divergent. The prevalence of AF increases significantly with age, and underling mechanisms might vary with age. Endothelial dysfunction may be associated with AF and atrial arrhythmia recurrence after catheter ablation. We tested the hypothesis that the impact of endothelial dysfunction on arrhythmia recurrence following catheter ablation is age dependent.
A trial fibrillation (AF) is the most common type of sustained cardiac arrhythmia encountered in clinical practice and is associated with an increased risk of all-cause mortality and morbidity including stroke, heart failure, dementia, embolic events, hospitalization, and impaired quality of life. 1 Catheter ablation for AF has been established as an effective therapeutic option for drug-resistant AF, and maintaining sinus rhythm after catheter ablation has been shown to be associated with a lower rate of cardiovascular mortality. 2 Nevertheless, despite continuous improvements in outcomes with advances in ablation techniques, recurrences of atrial arrhythmias remain a common clinical problem following ablation. A recent meta-analysis reported that after left atrial ablation, only 53.1% of patients were free from atrial arrhythmia at long-term follow-up. 3 The pathogenesis of AF is multifactorial and involves a complex interaction between substrates (vulnerable tissue allowing AF to be induced and, in some instances, sustained), triggers (initiating electric stimulus, mostly from pulmonary veins), and reentry. 4 Accordingly, preventing the development of AF substrates in addition to electrical therapy by catheter ablation is necessary for decreasing atrial arrhythmia recurrence. Furthermore, AF substrates have a substantial role in cardiovascular outcomes in AF patients and might be at least part of the reason why previous randomized controlled trials could not demonstrate the survival benefit of a rhythm control strategy with antiarrhythmic drugs and cardioversion over rate control. 5, 6 The mechanisms underlying both initiation and perpetuation of AF are not well established, and AF manifests as a result of multiple heterogeneous groups of disorders. The prevalence of AF is low in those aged <60 years and increases significantly with age in those aged >60 years. 7 As used in the definition of "lone AF," older age (>60 years) is an important risk factor for AF. 8, 9 Furthermore, it was reported that the incidence of AF recurrence after catheter ablation is higher in AF patients aged ≥60 years. 10 Electrophysiological and structural remodeling of the atrium has been observed with advancing age and could play an important role in triggering AF. 11 Dominant underlying mechanisms might be different for those aged <60 and >60 years. Emerging evidence has demonstrated an association between endothelial dysfunction and AF. Shin et al reported that baseline endothelial function was an important predictor of AF recurrence after catheter ablation. 12 It remains unclear whether the impact of endothelial dysfunction on AF recurrence differs by age.
The aim of the present study was to test the hypothesis that the impact of endothelial function on AF and atrial arrhythmia recurrence following catheter ablation is age dependent.
Methods

Study Population
Between January 2008 and December 2009, a double-blind, placebo-controlled trial was conducted to evaluate the efficacy of statins in preventing AF recurrence following left atrial ablation. The Mayo Clinic institutional review board approved the study protocol, and all study participants gave written informed consent. Details of the study methodology were described previously. 13 Briefly, 125 eligible participants who had no statin indication and who were undergoing catheter ablation for drug-refractory AF were randomly assigned at a 1:1 ratio to receive either daily 80 mg atorvastatin (n=62) or matching placebo (n=63) for 3 months. Major exclusion criteria were known malignancy; known inflammatory disease; surgery, trauma, or myocardial infarction in the previous month; known contraindication to statin therapy; elevated liver enzymes above 2 times the upper limit of normal; or use of statin, niacin, or fibrates at the time of randomization. The ablation procedure, based on electrical isolation of the pulmonary veins with additional left atrial linear ablation, has been described previously. 14, 15 In the current substudy, 92 participants (46 in the atorvastatin group and 46 in the placebo group) who underwent noninvasive endothelial function testing by peripheral arterial tonometry before ablation were included (Figure 1 ).
Endothelial Function Assessment
Endothelial function was prospectively collected and blinded to the participants and physicians. All studies were performed in a quiet, temperature-controlled room. Participants fasted for 4 hours before the study and abstained from coffee or tobacco use on the day of the examination. Vasoactive medications were discontinued at least 24 hours prior to testing.
Peripheral arterial tonometry signals were obtained in all participants prior to the ablation procedure and in 71 participants at 3-month follow-up using an EndoPAT 2000 device (Itamar Medical Inc). This method has been validated and described previously in other populations [16] [17] [18] [19] [20] and in patients with AF. 21 After a 5-minute baseline measurement, the blood pressure cuff on the test arm was inflated to 60 mm Hg above baseline systolic blood pressure or a maximum of 200 mm Hg for 5 minutes. After 5-minute occlusion, the cuff was deflated, and the peripheral arterial tonometry tracing recorded for another 5 minutes. Endothelial function was measured by reactive hyperemia index, and a natural logarithmic transformation of reactive hyperemia index (Ln_RHI) was used because of its skewed distribution. Endothelial dysfunction was defined as Ln_RHI <0.618 (median).
Follow-up and End Points
All enrolled participants were prospectively followed up for arrhythmia recurrence periodically or sooner, as dictated by symptoms, at a hospital near the participants' primary physicians. Electrocardiograms and 72-hour Holter monitors were obtained at the follow-up visit 3 months after ablation in all participants and sooner for those with symptoms suggestive of arrhythmia recurrence. Although all participants were followed mandatorily for 3 months after ablation, followup after 3 months was based on the primary physicians' discretion. Consequently, event data were analyzed for 3 months and throughout the follow-up period. The primary end point was freedom from symptomatic AF during the follow-up period. Documented AF recurrence was considered symptomatic if the participants complained of typical symptoms of palpitations. The secondary end point was freedom from any atrial arrhythmia (AF, atrial tachycardia, and atrial flutter) recurrence, regardless of symptoms during the follow-up period. Any episode of atrial tachyarrhythmias >30 seconds detected by electrocardiograms or Holter monitors was considered an atrial arrhythmia recurrence.
Statistical Analysis
Descriptive statistics were analyzed to describe the baseline characteristics according to the median value of baseline Ln_RHI (0.618) and age 60 years. Data are expressed as meanAESD, median (interquartile range), or frequency (percentage), as appropriate, and variables were compared by the Fisher exact test, an unpaired t test, or the Wilcoxon rank sum test. To investigate the existence of a linear association of endothelial Figure 2 . HRs of endothelial dysfunction for incident AF and atrial arrhythmia recurrence by age groups.
The HRs were calculated for Ln_RHI <0.618. The vertical lines through the HRs represent 95% CIs in predicting AF recurrence (A) and any atrial arrhythmia recurrence (B). There is significant interaction between age and endothelial dysfunction in association with arrhythmia recurrence. The risk associated with endothelial dysfunction for arrhythmia recurrence is higher in younger versus older participants. AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural logarithmic transformation of reactive hyperemia index. 
Valvular heart disease, n (%) 7 (12.1)
History of CVA or TIA, n (%)
Chronic lung disease, n (%) 2 (3. 
Chronic lung disease, n (%) 0 (0) function with arrhythmia recurrence according to age, participants were divided into 3 groups by age (≤50, 51-60, and ≥61 years), as shown in Figure 2 . In other analyses, participants were divided into 2 groups by age with a threshold of 60 years. The cumulative probability of events was estimated by the Kaplan-Meier method, and curves were compared with the logrank test. To account for confounding variables, the propensity score was calculated for each participant using a logistic regression model in which the dependent variable was high Ln_RHI (greater than the median), and the independent variables were age, sex, body mass index, hypertension, sleep apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT examination, left ventricular ejection fraction, valvular heart disease, left atrium length, ablation procedures (left atrium isthmus, roof line, and cavotricuspid isthmus line), antiarrhythmic drugs on admission and discharge, and randomization group (atorvastatin or placebo). Univariate and multivariable time-to-event analyses were performed using the Cox proportional hazards model. A 2-sided P value <0.05 was considered statistically significant. Data were analyzed using JMP version 9.0.0 (SAS Institute Inc).
Results
Baseline Characteristics
In total, 72 participants (78%) were men aged 57AE10 years. Median duration of AF was 4 years (interquartile range 2-8 years), and 74% participants had paroxysmal AF. The median value of baseline Ln_RHI was 0.618 (first and third quartiles 0.368 and 0.791, respectively). Baseline characteristics of the study population according to the median value of baseline Ln_RHI and age 60 years are shown in Tables 1 and 2 . Between the groups with lower and upper medians of Ln_RHI, participant characteristics were comparable with respect to demographic, echocardiographic, and biological parameters. Participants aged >60 years were more likely to have hypertension and to use anticoagulant therapy compared with those aged ≤60 years.
Ablation Outcomes
Pulmonary vein isolation was achieved in all participants. Bidirectional cavotricuspid isthmus block was successfully performed in 74 participants (80%). Mitral isthmus ablation was performed in 5 participants (5%), most of whom required additional pulses from within the coronary sinus. In addition, left atrial roofline ablation was performed in 17 participants (18%). No serious procedure-related complications (eg, pericardial tamponade, pulmonary vein stenosis requiring balloon dilatation and stent placement) were noted. Procedures and complications of catheter ablation did not differ by age (Table 1) .
Predictive Value of Baseline Endothelial Function for Arrhythmia Recurrence
During the follow-up period (median 14 months [interquartile range 3-26 months]), 27 participants experienced symptomatic AF recurrence, and 36 experienced atrial arrhythmia The propensity score was calculated for each participant using a logistic regression model in which the dependent variable was high Ln_RHI (greater than the median) and the independent variables were age, sex, body mass index, hypertension, sleep apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT examination, left ventricular ejection fraction, valvular heart disease, left atrium length, ablation procedures (left atrium isthmus, roof line, and cavotricuspid isthmus line), antiarrhythmic drugs on admission and discharge, and randomization group (atorvastatin or placebo). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural logarithmic transformation of reactive hyperemia index.
recurrence during follow-up. Event rates were not significantly different between participants aged ≤60 and >60 (Table 3) . Importantly, there was significant interaction between age and endothelial dysfunction in association with recurrence of AF (P=0.029) and any atrial arrhythmia (P=0.015), and the risk associated with impaired endothelial function for arrhythmia recurrence was higher in younger participants (Figure 2 Table 3 ). Figure 3 shows Kaplan-Meier estimates of the probability of arrhythmia recurrence according to baseline Ln_RHI levels in the subgroup of participants aged ≤60 years. Those with endothelial dysfunction had significantly higher rates of recurrence of AF (P=0.010) and any atrial arrhythmia (P=0.002). When limited to the events within 3 months after ablation, the numbers of events were quite small (6 AF events and 16 events with any atrial arrhythmia recurrence). The analyses with only events within 3 months showed a similar tendency in the association between baseline endothelial function and arrhythmia recurrence and its age dependence (Table 4 , Figures 4 and 5) .
Endothelial Function at 3-Month Follow-up
Among 92 enrolled participants, follow-up of endothelial function at 3 months was available for 71 participants. Among these, endothelial function remained unchanged after atrial ablation (Ln_RHI from 0.60AE0.29 to 0.65AE0.25, P=0.41). Changes in endothelial function were slightly higher in the atorvastatin group than in the placebo group, but the difference was not statistically significant (DLn_RHI; the atorvastatin group 0.07AE0.30 versus the placebo group À0.01AE0.30, P=0.31). We assessed the impact of atorvastatin in the subgroup of participants aged ≤60 years because baseline endothelial dysfunction was significantly associated with arrhythmia recurrence in this group. Nevertheless, even in this group, 3-month atorvastatin treatment neither improved endothelial function nor prevented arrhythmia recurrence during follow-up. In the subgroup with normal endothelial function at baseline (baseline Ln_RHI ≥0.618; n=37), endothelial function worsened to Ln_RHI <0.618 at 3-month follow-up in 12 participants, and worsening endothelial function was significantly associated with atrial arrhythmia recurrence between 3 months after ablation and end of follow-up (HR 10.69 [95% CI 1.713-205.4], P=0.009). In contrast, in the subgroup with endothelial dysfunction at baseline (baseline Ln_RHI <0.618; n=34), only 7 participants showed improvement in endothelial function (Ln_RHI ≥0.618 at 3-month follow-up). Although the number of participants is quite small to perform subgroup analysis, participants with persistent endothelial dysfunction (both baseline Ln_RHI and Ln_RHI at 3-month follow-up <0.618) showed a slightly higher risk for atrial arrhythmia recurrence between 3 months after ablation and end of follow-up compared with participants with improvement in endothelial dysfunction (HR 1.386 [95% CI 0.405-6.339], P=0.621).
Discussion
The current study demonstrated that the risk associated with endothelial dysfunction for AF and any atrial arrhythmia recurrence after catheter ablation was higher in younger patients. In participants aged ≤60 years, baseline endothelial dysfunction was significantly associated with increased risk of AF and atrial arrhythmia recurrence. Consequently, endothelial dysfunction might have an important role in the development of vulnerable substrate for AF occurrence in patients aged <60 years.
The endothelium lines the entire circulatory system, including the heart and the smallest capillaries. It plays an active and critical role in the physiological regulation of vascular tone, cellular adhesion, vascular smooth muscle migration and resistance to thrombosis, inflammation, and oxidative stress. 22 The phenotypic features of endothelial dysfunction include decreased myocardial perfusion, increased inflammation, and oxidative stress, all of which might contribute to arrhythmogenesis. Furthermore, it was reported that endothelial dysfunction might contribute to heart failure with preserved ejection fraction, which causes elevated atrial pressure. 23 Endothelial dysfunction may have an important role in the development of vulnerable substances for AF and thus is a potential treatment target. Interestingly, Pathak et al recently reported that aggressive risk factor modification (blood pressure control, weight management, lipid management, glycemic control, sleepdisordered breathing management, and smoking and alcohol management) improved the long-term success of AF ablation. 24 Improvement in endothelial function by risk factor modification might mediate this beneficial effect. Based on the results of the current study, endothelial function should be assessed in persons aged ≤60 years. Furthermore, we suggest modifying therapies and searching for other risk factors, including nontraditional risks, in those who present with endothelial dysfunction, even after implementation of optimal therapies. Nevertheless, prospective randomized studies are needed to elucidate whether endothelial function-guided therapies provide benefits in improving outcomes in patients undergoing catheter ablation for AF. The mechanisms of AF are highly divergent, and aging plays an important role in AF genesis. Because the prevalence of AF increases significantly with age, especially in patients aged >60 years, 7 dominant underlying mechanisms might be different according to age. It is suggested that in older patients, an increase of spatial variability in repolarization in older atria may contribute to the initiation The propensity score was calculated for each participant using a logistic regression model in which the dependent variable was high Ln_RHI (greater than the median) and the independent variables were age, sex, body mass index, hypertension, sleep apnea, paroxysmal AF, AF duration, AF rhythm at EndoPAT examination, left ventricular ejection fraction, valvular heart disease, left atrium length, ablation procedures (left atrium isthmus, roof line, and cavotricuspid isthmus line), antiarrhythmic drugs on admission and discharge, and randomization group (atorvastatin or placebo). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; HR, hazard ratio; Ln_RHI, natural logarithmic transformation of reactive hyperemia index.
of AF, and atrial fibrosis and slowed conduction of premature beats may be important for both initiation and stabilization of AF. 25 Tuan et al reported that left atrium mean voltage was significantly reduced in older AF patients compared with younger patients, and that may reflect agerelated development of atrial fibrosis. 26 In contrast, in younger patients, AF may be largely a disease of the pulmonary veins, blood vessels that may be subject to endothelial dysfunction. Generally, the majority of patients with AF have diabetes mellitus, hypertension (usually with left ventricular hypertrophy), or some other form of structural heart disease (mostly valvular). In addition, obesity, metabolic disorder, and obstructive sleep apnea syndrome have been found to independently increase the risk of AF. 27 A variety of factors may damage endothelial cells, including physical injuries, biochemical injuries, and immune-mediated damage. Increased systemic inflammatory factors and oxidative stress might be partly responsible for endothelial dysfunction and subsequent AF among obese patients. In patients with sleep apnea, intermittent hypoxia, directly or through reactive oxygen species formation, causes endothelial dysfunction. Sleep apnea and metabolic disorders, which increase inflammation, oxidative stress, and endothelial dysfunction, [29] [30] [31] might have important roles in younger patients, whereas electrophysiological and structural remodeling including arterial fibrosis may dominate in older patients. The prevalence of diabetes mellitus, hypertension, and valvular heart diseases in this study-the common causes of AF-were relatively low, at 0%, 30%, and 11%, respectively. Furthermore, in participants aged ≤60 years, frequency of hypertension was significantly less than in those aged >60 years. Formal tests for obstructive sleep apnea were not performed, and the history of obstructive sleep apnea syndrome was established based on inquiries from participants. On that account, obstructive sleep apnea syndrome might have been underestimated in this study. In addition, because participants with a clinical indication for statins were excluded, only a small proportion of participants had comorbidities. Our findings imply that endothelial dysfunction might not only result from AF risk factors including hypertension but also directly cause AF. Our previous 13 and current studies demonstrated that atorvastatin treatment following catheter ablation for AF did not have a beneficial effect on atrial arrhythmia recurrence in participants with no standard indication for statin therapy. The mechanisms behind the antiarrhythmic effect of statins remain unclear but are possibly attributable to improvement in inflammation, oxidative stress, and endothelial dysfunction. [32] [33] [34] Nonimprovement in endothelial function by atorvastatin treatment in this study likely affected the lack of benefit for arrhythmia recurrence. Participants who had no statin indication under the current clinical guidelines were enrolled in this study, and an atherosclerotic cardiovascular disease prevention benefit of statins is unclear in this population. 35 Our findings roughly imply that statin therapy for this population might not have a significant impact on endothelial function. More tailored patient selection might be required.
Strengths and Limitations
Strengths of this study include prospective collection of data on endothelial function with blinding of the participants and physicians. The number of participants in the subgroup analyses with follow-up endothelial function results was quite small. Because of the small number of participants in each group, the results of this study could be biased or confounded; therefore, the statistical power is not high enough. This study was conducted in selected participants because of the exclusion of participants with a preexisting statin indication. Overall, 55% of participants were not willing to participate and were excluded. Consequently, generalizability to other populations is limited. The heterogeneity of the study population has to be considered in interpreting the results. The current study was not designed to determine an optimal cutoff value. Asymptomatic AF can be underestimated. All participants were followed until 3 months after ablation; however, follow-up after 3 months was based on the primary physicians' discretion. This might cause an informative or dependent censoring bias. Consequently, further studies with larger populations and fixed long-term follow-up are necessary to confirm our hypothesis.
Conclusion
Among participants aged ≤60 years, endothelial dysfunction prior to left atrial ablation for AF was significantly associated Figure 5 . Kaplan-Meier analysis for the probability of AF and atrial arrhythmia recurrence within 3 months after ablation according to baseline endothelial function in participants aged ≤60 years (as in Figure 3 ) in predicting AF recurrence (A) and any atrial arrhythmia recurrence (B). AF indicates atrial fibrillation; AFL, atrial flutter; AT, atrial tachycardia; Ln_RHI, natural logarithmic transformation of reactive hyperemia index.
with increased risk of AF and atrial arrhythmia recurrence. Consequently, endothelial dysfunction might be a marker of and play an important role in the likelihood of AF occurrence in patients aged <60 years.
